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Raman scattering experiments on LaFeAsO with splitted antiferromagnetic (TAFM = 140 K) and
tetragonal-orthorhombic (TS = 155 K) transitions show a quasi-elastic peak (QEP) in B2g sym-
metry (2 Fe tetragonal cell) that fades away below ∼ TAFM and is ascribed to electronic nematic
fluctuations. A scaling of the reported shear modulus with the T−dependence of the QEP height
rather than the QEP area indicates that magnetic degrees of freedom drive the structural transi-
tion. The large separation between TS and TAFM in LaFeAsO compared with their coincidence in
BaFe2As2 manifests itself in slower dynamics of nematic fluctuations in the former.
PACS numbers: 74.70.Xa, 74.25.nd
The discovery of Fe-based superconductors (FeSCs)
with high transition temperatures (above 100 K in FeSe
films [1]) triggered much interest on these materials [2–
5]. Nematicity, characterized by large in-plane electronic
transport anisotropy [6], is normally observed below a
tetragonal-orthorhombic transition temperature TS , and
seems to be also present in other high-Tc superconductors
[7]. Also, divergent nematic susceptibility in the optimal
doping regime suggests that nematic fluctuations play
an important role in the superconducting pairing mech-
anism [8]. Thus, investigations of the nematic order and
fluctuations in FeSCs and their parent materials are piv-
otal to unraveling the origin of high-Tc superconductiv-
ity. Clearly, it is necessary to identify the primary order
parameter associated with the nematic phase [4, 5]. A re-
lation between nematicity and magnetism is suggested by
the near coincidence between TS and the antiferromag-
netic (AFM) ordering temperature TAFM in some mate-
rials, most notably BaFe2As2 with TAFM ∼ TS = 138 K
[9, 10]. In fact, the magnetic ground state is a stripe
AFM phase that breaks the 4-fold tetragonal symme-
try of the lattice (see Fig. 1(a)), providing a natural
mechanism for electronic anisotropy. On the other hand,
TS and TAFM are significantly separated for LaFeAsO
(LFAO) (TAFM = 140 K and TS = 155 K) [11–13], while
FeSe does not order magnetically at ambient pressure
but still shows a nematic transition at TS = 90 K [14],
motivating suggestions that the nematic transition may
be driven by charge/orbital degrees of freedom rather
than magnetism in the latter [16, 17]. However, even
for FeSe the magnetic scenario may still apply [18]. In
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Ba(Fe1−xCox)2As2 and other doped systems, the split-
ting between TAFM and TS increases with doping [9, 15].
Overall, the primary order parameter that drives the
structural/nematic transition at TS and the dominating
mechanism of TAFM/TS separation in parent FeSCs are
not fully settled yet.
Raman scattering was recently employed as a probe
of nematic fluctuations in FeSCs and their parent ma-
terials. In A(Fe1−xCox)2As2 (A = Ca, Sr, Ba, Eu)
[1, 4, 19, 21, 22, 24, 25], Ba1−pKpFe2As2 [25], FeSe
[26, 27] and NaFe1−xCoxAs [28], a quasi-elastic peak
(QEP) with B2g symmetry (considering the 2 Fe tetrago-
nal cell, see Fig. 1(a)) has been observed and interpreted
in terms of either charge/orbital [21, 22, 24, 26, 29] or
spin [4, 25, 30, 31] nematic fluctuations. An unambigu-
ous experimental identification of the nature of the fluc-
tuations generating the B2g Raman QEP (charge/orbital
or magnetic) is challenging due to the inherent coupling
between the corresponding degrees of freedom. Despite
such extensive investigations in several materials, no Ra-
man study of the nematic fluctuations in the key parent
compound LFAO has been carried out yet. In this work,
we fill this gap and investigate in detail the temperature
dependence of both electronic and phonon Raman scat-
tering in LFAO.
Details of the synthesis procedure and basic charac-
terization of the crystal employed in this work, showing
TS = 155 K and TAFM = 140 K, are described else-
where [12, 32]. A fresh ab surface with ∼ 1 × 1 mm2
was obtained by cleaving the crystal and immediately
mounting it at the cold finger of a closed-cycle He cryo-
stat. The polarized Raman spectra were taken in quasi-
backscattering geometry using the 488.0 nm line as excit-
ing source focused into the ab surface with a spot of ∼ 50
µm diameter. A triple 1800 mm−1 grating spectrometer
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2equipped with a LN2-cooled multichannel CCD detec-
tor was employed. The instrumental linewidth was ∼ 4
cm−1. Figure 1(a) illustrates a square lattice of the Fe
atoms and sets the conventions for polarizations. The
2 Fe tetragonal (space group P4/mmm) and 4 Fe or-
thorhombic (space group Cmma) unit cells and axes in
the ab plane are also represented.
Symmetry analysis indicates that four Raman-active
phonons are accessible by our experimental geometry in
both tetragonal (2A1g and 2B1g) and orthorhombic (2Ag
and 2B1g) phases. Illustrations of such modes are given
in Fig. 1(b) (see also Ref. [33]). The raw Raman spec-
tra in the phonon region at distinct linear polarizations
are given in Figs. 1(c) (T = 20 K) and 1(d) (T = 290
K). The B1g modes observed at 203 and 317 cm
−1 at
T = 290 K are ascribed to Fe and O vibrations along
c, respectively [33], while the A1g modes at 164 and 208
cm−1 are ascribed to As and La vibrations along c. The
position of the 164 cm−1 mode is comparable to that re-
ported for the As mode in NaFeAs (163 cm−1 [34]) and
in AFe2As2 (A = Ca, Sr, Ba) (180-190 cm
−1 [1–3, 36]).
The T -dependence of this phonon was investigated in de-
tail (see SM). Its linewidth at low-T is resolution-limited,
suggesting a high crystalline quality, and shows a maxi-
mum at T ∼ TAFM with no anomaly at TS . Frequency
anomalies are observed for this mode at both TS and
TAFM . Finally, an enhancement in XY polarization is
observed below TAFM , which is similar to related sys-
tems [1–4] and is due to the coupling of this phonon with
anisotropic electronic states in the magnetic phase [5].
The Raman response χ
′′
(ω, T ) is related to the raw in-
tensity I through the relation I = (1 + n)χ
′′
(ω, T ) + D,
where n ≡ 1/(e~ω/kBT − 1) is the Bose-Einstein sta-
tistical factor and D is an intensity offset (for details,
see SM). Figures 2(a-e) show χ
′′
(ω, T ) in XY polariza-
tion corresponding to B2g symmetry in the 2 Fe tetrag-
onal cell. These measurements were made with much
less laser power (∼ 3 mW) than for the data shown in
Fig. 1 (∼ 10 mW), in order to minimize laser heating
effects [4], and were also taken with 4× less exposure
times due to the large number of investigated temper-
atures. These limitations resulted in poorer signal-to-
noise in the data shown in Figs. 2(a-e). An 8-point-
average smoothing is applied in these data for better
visualization of the broad electronic Raman signal. A
linear component for χ
′′
B2g
(ω, T ) is observed in the fre-
quency region below 600 cm−1, which is enhanced below
TAFM . Measurements performed on an extended fre-
quency region show this component is part of broad peaks
at ∼ 2400−3000 cm−1 (see SM). A similar structure was
found in BaFe2As2 and attributed to two-magnon scat-
tering [7]. An additional scattering channel, which is
most evident at low frequencies (ω . 150 cm−1), is ob-
served in this symmetry and enhances on cooling down to
∼ 140 K, fading away on further cooling. This contribu-
tion is satisfactorily fitted by a quasi-elastic peak (QEP)
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FIG. 1: (Color online) (a) Schematic view of the Fe square
lattice with the stripe antiferromagnetic structure and repre-
sentations of the XY , Y Y , X ′Y ′ and Y ′Y ′ linear polariza-
tions. The unit vectors ei and es represent the polarizations
of the incident and scattered photons, respectively. The edges
and axes for the 2 Fe tetragonal and 4 Fe orthorhombic unit
cells are also displayed; (b) Raman-active phonons accessible
in the scattering geometry employed in this work. The corre-
sponding symmetries and observed frequencies at 290 K are
indicated; (c,d) Raman spectra for distinct polarizations at
T = 20 K (c) and T = 290 K (d). In (c) and (d), the sym-
metry associated with each polarization is given with respect
to the corresponding orthorhombic and tetragonal unit cells,
and the employed laser power was 10 mW.
(χ
′′
)
B2g
QEP (ω, T ) = A(T )ωΓ(T )/(ω
2+Γ(T )2) (dashed lines
in Figs. 2(a-d)), corresponding to a Lorentzian lineshape
for (χ
′′
)
B2g
QEP (ω, T )/ω. It can be seen from Fig. 2(f) that
the relatively large noise in the Raman response above
∼ 150 cm−1 have little influence on the determination of
the QEP fitting parameters A(T ) and Γ(T ). The Raman
response for other symmetries accessible by our experi-
mental setup are given in SM at selected temperatures,
also showing contributions from two-magnon scattering.
Figures 3(a) and 3(b) show the T -dependence of the
Lorentzian B2g QEP area A and width Γ, respectively.
Only data between ∼ 120 and 200 K are shown, cor-
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FIG. 2: (Color online) (a-e) Raman response χ′′(ω, T ) in B2g
symmetry for the tetragonal cell (XY polarization) at selected
temperatures. The thick lines are fittings to a model including
a Lorentzian quasi-elastic peak (QEP, dashed line) and an
additional linear contribution (thin solid line) (see text). (f)
χ′′(ω, T )/ω at selected temperatures and corresponding fits
to the QEP model.
responding to the T−interval where this signal is suffi-
ciently strong to warrant reliable Lorentzian fits within
our statistics. Figure 3(c) shows A/Γ, corresponding to
the QEP height, while Fig. 3(d) is a zoom in of Fig. 3(b)
near TS . Between 280 and 120 K, the B2g QEP area
and height show a maximum at Tmax = 143 K, slightly
above TAFM , nearly vanishing below 120 K. Concerning
the widths, the B2g QEP gradually sharpens on cooling
down to TS . Below TS , ΓQEP further sharpens from ∼ 40
to ∼ 30 cm−1.
As for the other FeSCs [4, 21, 22, 24–26, 29–31], we
ascribe the B2g QEP in LFAO to electronic nematic fluc-
tuations. In principle, the Raman intensity may be dom-
inated either by charge/orbital or spin nematic fluctua-
tions. The significant residual nematic fluctuations ob-
served between ∼ 120 K and TAFM (see Figs. 3(a,c)) are
consistent with 75As NMR measurements that show co-
existing AFM and paramagnetic regions in this T -interval
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FIG. 3: (Color online) T -dependence of (a) area A, (b,d)
width Γ and (c) height A/Γ of B2g Lorentzian QEP (2 Fe
tetragonal cell). Error bars, when not displayed, are smaller
than the symbol sizes. The shaded areas mark the TAFM <
T < TS interval. The solid line in (c) shows a fit of the B2g
QEP height to a Curie-Weiss-like behavior between TS and
∼ 200 K, yielding θCW = 137(3) K (see text). The solid line
in (d) is a guide to the eyes.
1 6 0 1 7 0 1 8 0 1 9 0 2 0 0
0 , 8 5
0 , 9 0
0 , 9 5
,   [ 1  -  b  A ( T ) ]  [ 1  -  b '  A ( T ) / Γ(  )]
  E l a s t i c  M o d u l u s
 
 
C S 
(T) 
/ C S
 (30
0K)
T  ( K )
FIG. 4: (Color online) Temperature dependence of the poly-
crystalline shear modulus taken from Ref. [11] (solid line),
and attempted scalings of this curve to the B2g QEP Area
A(T ) (open and solid triangles) and height A(T )/Γ(T ) (cir-
cles) extracted from Figs. 3(a) and 3(c), respectively.
[40]; the paramagnetic regions are expected to host the
residual nematic fluctuations observed here. Intriguingly,
the temperature where the QEP area and height are max-
ima, Tmax, does not coincide with the bulk-average TS ,
contrary to other parent FeSCs [4, 26]. This deviation
is likely related to the broad T interval where tetragonal
and orthorhombic domains coexist and fluctuate [41]. In
this scenario, while the QEP intensity per orthorhombic
4unit volume is expected to be reduced on cooling, the
inverse tendency is found for the remaining tetragonal
domains, leading to Tmax < TS . Still, the nematic fluc-
tuations in LFAO are clearly sensitive to TS , as demon-
strated by the sharpening of the B2g QEP below TS (see
Fig. 3(d)). In fact, this is a manifestation of slower
nematic fluctuations in the orthorhombic phase. This
is again qualitatively consistent with 75As NMR results
that show a slowing down of the magnetic dynamics be-
low TS [40] and may be also related with the enhancement
of the magnetic correlation length below TS observed in
inelastic neutron scattering measurements [32].
We discuss our results considering separately the in-
dependent scenarios where charge/orbital or spin ne-
matic fluctuations dominate the intensity of the B2g
Raman QEP. Starting with the charge/orbital sce-
nario (scenario A), the bare static nematic suscepti-
bility χ
(0)
nem(T ) and (χ
′′
)
B2g
QEP (ω, T ) are directly con-
nected by a Kramers-Kronig transformation χ
(0)
nem(T ) =
(2/pi)
∫∞
0
(χ
′′
)
B2g
QEP (ω, T )/ωdω [21, 22], corresponding to
the QEP area A(T ) in our analysis. An attempted scal-
ing of χ
(0)
nem(T ) obtained in this way and the polycrys-
talline shear modulus CS extracted from Ref.[11], i.e.,
CS(T )/CS(300 K)= 1 − bA(T ) [22], is given in Fig. 4,
where b is a free parameter (see footnote [42]). In our
analysis, we tentatively varied b to scale A(T ) to CS(T )
either at T & TS (empty triangles in Fig. 4) or at
T ∼ 200 K >> TS (filled triangles). However, no value
for b yielded a satisfactory scaling for the entire investi-
gated interval TS < T . 200 K. The lack of scaling be-
tween the shear modulus and the QEP area, interpreted
under scenario A, indicate that the charge/orbital fluctu-
ations do not drive the structural transition at TS , and an
additional electronic nematic degree of freedom, presum-
ably the magnetic one, is driving the phase transitions in
LFAO [5]. This reasoning closely follows that presented
in Ref. [21] for BaFe2As2.
We now explore the alternative scenario where spin
nematic fluctuations dominate the intensity of the B2g
Raman QEP (scenario B). In this case, the dynamical
electronic nematic susceptibility is not given directly by
(χ
′′
)
B2g
QEP (ω, T ), and therefore a Kramers-Kronig trans-
formation does not apply to extract χ
(0)
nem(T ). Instead,
χ
(0)
nem(T ) is proportional to the slope of (χ
′′
)
B2g
QEP (ω, T )
in the limit ω → 0 [4, 43], namely the QEP height
A(T )/Γ(T ). In this scenario, Θin = 137(3) K, obtained
from the fit of A(T )/Γ(T ) to a Curie-Weiss-like behav-
ior A/Γ = C/(T − Θin) over the interval TS < T . 200
K (solid line in Fig. 3(c)), is the bare nematic transi-
tion temperature in the absence of the magneto-elastic
coupling that induces the transition at higher temper-
atures. Figure 4 displays a scaling of the polycrys-
talline shear modulus to the peak height, CS(T )/CS(300
K)= 1−b′A(T )/Γ(T ), showing an excellent agreement for
the entire investigated interval. Therefore, independently
of the assumption on the detailed nature of the Raman
B2g QEP, our analysis supports the scenario where the
nematic transition is magnetically driven.
The thermal evolution of the relaxation rate ΓB2g pro-
vides further insight into the nematic transition. At
T ∼ 200 K one has ΓB2g ∼ 10 meV (∼ 80 cm−1), see
Fig. 3(b), which is on the same energy scale of the opti-
cal phonons (see Fig. 1). However, the nematic fluctua-
tions slow down continuously on cooling (see Fig. 3(b)).
Presumably, as the nematic fluctuation rate become sig-
nificantly smaller than the typical optical phonon fre-
quencies, local and instantaneous orthorhombic distor-
tions are expected to rise and accompany the electronic
nematic correlations. We suggest that at TS the grow-
ing lattice strain caused by the local orthorhombic dis-
tortions finally drive the formation of a long-range or-
thorhombic phase, i.e., the so-called nematic phase. Im-
mediately below TS the nematic fluctuations are slowed
down further (see Fig. 3(d)). This is likely associated
with changes in the Ja and Jb nearest-neighbor exchange
integrals, partially releasing the magnetic frustration and
allowing for increased magnetic correlation lengths [32].
Further inspection of our results gives insight into the
large separation between TS and TAFM ( 15 K) compared
to their near coincidence in BaFe2As2. We note that at
T = 163 K, for instance, the maximum of χ
′′
B2g
(ω, T ),
corresponding to the QEP linewidth Γ, is 43(2) cm−1 for
LFAO (see Fig. 2(c) and 3(d)), much smaller than ∼ 100
cm−1 for BFA at this temperature [21]. Such slower ne-
matic fluctuations in LFAO preempt the stabilization of
orthorhombic domains significantly above TAFM . This
scenario may also give insight into the nematic transi-
tion of other FeSCs. For instance, a B2g QEP has also
been reported [26] for FeSe, which also gradually sharp-
ens on cooling, reaching Γ ∼ 30 cm−1 at TS , which is
comparable to the observed Γ for LFAO in the nematic
phase (see Fig. 3(d)).
In summary, polarized Raman scattering in LaFeAsO
reveals a quasi-elastic B2g scattering channel from ne-
matic fluctuations above ∼ TAFM . An analysis of the
T -dependence of this signal supports the conclusion that
magnetism is the primary order parameter driving the
phase transitions in this material. Relatively slow elec-
tronic nematic fluctuations preempt TS and arguably sig-
nal the separation between TS and TAFM .
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Supplemental Material for “Nematic Fluctuations
and Phase Transitions in LaFeAsO: a Raman
Scattering Study” by U. F. Kaneko et al.
Temperature-dependence of the Arsenic Ag phonon
Figure S1(a) shows the temperature-dependence of the
relative intensity of the As mode in XY with respect
to Y Y polarizations (see also Fig. 1 of the main text).
An enhancement of this mode in XY polarization is ob-
served below TAFM . This is similar to observed in re-
lated systems [1–4] and can be ascribed to the coupling
of this phonon with anisotropic electronic states in the
magnetic phase. [5] Figures S1(b) and S1(c) show the fre-
quency ωAs0 and linewidth Γ
As of this mode. Frequency
anomalies are observed at both TS and TAFM , the latter
being likely due to spin-phonon coupling, [6] while the
phonon linewidth shows a maximum at T ∼ TAFM with
no anomaly at TS . The linewidth of this mode at low-T
is resolution-limited, suggesting a high crystalline qual-
ity an homogeneity, at least within the relatively small
sample region probed by the laser spot.
Extraction of the Raman response from the raw
intensities
As discussed in the main text, the raw intensity I
(after subtraction of the dark noise) and the Raman
response χ
′′
(ω, T ) are related by the expression I =
(1 + n)χ
′′
(ω, T ) + D, where n is the Bose-Einstein sta-
tistical factor and D represents an intensity offset. The
offset, which is frequency-independent over the limited
spectral interval of interest to this work (ω < 600 cm−1),
may be due to a combination of residual stray light in
the spectrograph stage of our instrument and lumines-
cence. D was subtracted from the raw intensity prior
to the Bose-Einstein correction in order to avoid distort-
ing the Raman susceptibility spectra. Non-systematical
variations of D the order of 20 % were observed as the
laser spot moved slightly along the sample surface at dif-
ferent temperatures. Figure S2 shows the raw intensity
spectra in XY polarization for T = 280 K and 150 K. At
T = 280 K, the intensity follows a linear ω−dependence
down to the lowest frequencies. This indicates that no
significant intrinsic Raman intensity is present for ω → 0
at T = 280 K, which otherwise would be highly ampli-
fied by the Bose-Einstein statistical factor in the low-ω
region leading to a non-linear contribution to the raw in-
tensity. Thus, the raw intensity for ω → 0 at T = 280
K was taken as the offset D(280 K). At T = 150 K, a
significant quasi-elastic intensity is also observed, associ-
ated with the nematic fluctuations (see main text). The
offset D(150 K) was then taken as the extrapolation to
ω = 0 of a linear fit taken in the region 300 < ω < 600
cm−1 (see Fig. S2). This procedure was repeated for all
75 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 04
5
6
7
1 6 4
1 6 5
1 6 6
1 6 7
0 , 0
0 , 1
0 , 2
 
 
Lin
ewi
dth 
(cm
-1 )
T  ( K )
 
 
Freq
uen
cy (
cm-
1 )
( c )
( b )
 
 
I(XY
) / I
(YY
) ( a )
FIG. S1: Temperature dependence of the As Ag mode: (a)
intensity in XY polarization relative to Y Y polarization
(IXY /IY Y ), (b) frequency, and (c) linewidth. The shaded
area marks the TAFM < T < TS interval.
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FIG. S2: Raw intensity spectra in XY polarization at T =
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above 300 cm−1 and the arrows mark the extrapolation of
these lines at ω → 0, taken as the intensity offset D(T ).
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FIG. S3: Raman response χ′′(ω, T ) at selected temperatures
for XY (a), Y Y (b) and X ′Y ′ (c) polarizations. The corre-
sponding symmetries defined according to the tetragonal unit
cell are indicated.
investigated temperatures and polarizations.
Raman response at different polarizations;
two-magnon scattering
Although the focus of this work is on the B2g quasi-
elastic peak (QEP) obtained in XY polarization, the
electronic Raman signal of LaFeAsO was also investi-
gated for the other accessible linear polarizations. Fig-
ures S3(a-c) show the Raman response for B2g, A1g+B1g
and B1g symmetries, respectively, at selected tempera-
tures and ω < 600 cm−1. Besides the phonon modes
and the B2g QEP discussed in the main text, an addi-
tional signal that increases almost linearly with frequency
in this range is observed for all polarizations. Figures
S4(a-d) show the spectra at T = 40 K over an extended
frequency region. Broad peaks were observed at ∼ 2400
and ∼ 3100 cm−1 for XY and X ′Y ′ polarizations, respec-
tively, while the spectra at Y Y and Y ′Y ′ polarizations
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FIG. S4: Polarized Raman spectra over an extended spectral
interval at T = 40 K.
5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 00
2
4
6
 
 
 B 2g
 line
ar c
omp
one
nt (
arb.
 uni
ts)
T  ( K )
FIG. S5: Temperature-dependence of the slope of the lin-
ear component of χ′′(ω, T ) extracted in the frequency region
below 600 cm−1 for XY polarization (see also Fig. 2 of the
main text and Figs. S4 and S3).
seem to contain a combination of these contributions.
It is important to notice that the linear component ob-
served for ω < 600 cm−1 in XY polarization is actually
the lower-frequency limit of this broad scattering. Fur-
ther insight into the nature of this contribution is gained
by the T -dependence of the slope of the linear compo-
nent in the frequency range 300 < ω < 600 cm−1 in
XY polarization, using the data of Fig. 2 of the main
text. Notably, this slope increases significantly below TN .
Thus, the linear contribution is not associated with ne-
matic fluctuations, and can be safely excluded from the
computation of the instantaneous nematic susceptibility.
In fact, for BaFe2As2, broad signals centered at high fre-
quencies were also observed and ascribed to two-magnon
scattering. [7] This identification is consistent with the
temperature-dependence shown in Fig. S5.
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